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High-fidelity and robust coherent population transfer is a major challenge in coherent quantum
control. Different from the well known adiabatic condition, we present a rigorous adiabatic con-
dition that is inspired by the idea of the Landau-Zener tunneling. Based on this, we propose a
coherent population transfer approach, which just needs only one control parameter and depends
on the eigenvalues of the systems. Compared to other approaches, such as fast quasiadiabatic dy-
namics, shortcut to adiabatic passage, we numerically demonstrate that our approach can provide
a more high-fidelity and more robustness coherent population transfer without affecting the speed.
In short, our approach opens a new way to further increase the fidelity and the robustness of coher-
ent population transfer. Moreover, it may be generalized to complex quantum systems where the
exact expressions of eigenstates are difficult to obtain or the paremeters of systems are difficult to
simultaneously drive.
I. INTRODUCTION
Coherent population transfer of the quantum state is
a major scientific and technological challenge in various
areas of physics[1]. In most applications, the basic re-
quirement of the coherent quantum control is to reach a
given target state with the high-fidelity as fast as pos-
sible, with sufficiently high fidelity allowed by available
resources and experimental constraints. Rabi oscillation
can reach very high fidelity but it is so sensitive to the
parameter error or the environmental noise. To over-
come this, adiabatic approaches such as rapid adiabatic
passage (RAP) and stimulated Raman adiabatic passage
(STIRAP)[2–4] are proposed to robustly realize high-
fidelity state transfer but so time-consuming. Lately the
quantum operations whose the fidelity can approach the
threshold of quantum computing[5, 6] have realized in
trapped ion[7, 8]. Then, how to speed-up the coherent
population transfer while keeping the fidelity and robust-
ness of the operation becomes a challenging question.
To reach this goal, several protocols called ”short-
cut to adiabaticity” (STA) have been recently proposed
theoretically[9–16]. And the relevant experiments in dif-
ferent areas have great developments, for instance opti-
cal lattice[17], cold atom[18], trapped-ion[19, 20], NV-
center[21] and Fermi gas[22, 23]. But they are not al-
ways easy to implement in multilevel systems, because
of various parameters needed to control. So another set
of approaches called quasiadiabatic dynamics (QUAD)
that only one single control parameter needs to engineer
have proposed[24–26]. Recently, the corresponding the-
ories have demonstrated in different experiments, such
as trapped-ion[27, 28], ultracold atom[29] and optical
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waveguides[30–32]. But above STA and QUAD theo-
ries must depend on the exact expressions of the eigen-
states, so these approaches are hard to generalize to com-
plex systems. Recently, a STA approach without de-
pendent of the expressions of adiabatic eigenstates has
been proposed[33]. So is it possible to build a QUAD
approach that just needs one control parameter and be
independent of the expressions of eigenstates? Further,
due to not having the problems of the match of control
parameters and facing to the sensitivity of eigenstates to
control parameters, is it more robust against the control
parameter variations?
In this paper, we propose the state-independent
quasiadiabatic dynamics (SIQUAD) that only depends
on one single control parameter and just relates to the
eigenvalues of the system. We first propose a rigor-
ous adiabatic condition in the Landau-Zener Hamilto-
nian and then deduce the relevant population transfer
approach. Based on this, we apply our approach to the
two- and the three-level systems and find that our scheme
has higher fidelity and more robustness than other ap-
proaches without affecting the speed. Thus, our work
opens up a new possibility for realizing a fast, high-
fidelity and robust quantum state transfer in a wider class
of systems.
The paper is organized as follows. In Sec. II, we
propose the rigorous adiabatic condition in the Landau-
Zener model to present SIQUAD. Sec. III we contrast
SIQUAD with the other approaches in the two- and the
three-level systems. Finally, a brief conclusion are given
in Sec. IV.
II. STATE-INDEPENDENT QUASIADIABATIC
APPROACH
In this section, we first rewrite the adiabatic condi-
tion in the Landau-Zener tunneling Hamiltonian to de-
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2duce SIQUAD. In the simplest model we assume that
the adiabatic process involves a passage through at least
one avoided crossing by a monotonous change of one pa-
rameter. Although the system is multilevel in general,
only the two quasi-crossing levels(E±(t)) in the instanta-
neous basis(|φ±(t)〉) are considered under the adiabatic
condition[35, 36]. Considering the two-level Landau-
Zener model[37–39](~ = 1):
HˆLZ =
1
2
(
δ(t) Ω∗
Ω −δ(t)
)
, (1)
with δ(t) being a monotonous change parameter and Ω
being a constant. The corresponding eigenvalues and the
eigenstates are E±(t) = ± 12
√
δ(t)2 + Ω2 and
|φ+(t)〉 =
(
sin(θ/2)
cos(θ/2)
)
|φ−(t)〉 =
(
cos(θ/2)
− sin(θ/2)
)
,
(2)
with θ = arccos(−δ(t)/√δ(t)2 + Ω2).
Then we define V = (|φ+(t)〉, |φ−(t)〉) and rewrite the
Hamiltonian in the rotating frame:
H˜ = i
dV †
dt
V + V †HV
=
1
2
(
E+(t) i∂tθ
−i∂tθ E−(t)
)
.
(3)
Mathematically, the adiabatic evolution requires the off-
diagonal elements of the Hamiltonian in Eq.(3) to be neg-
ligible relative to the diagonal ones, so we have the stan-
dard condition for adiabatic evolution[4]:
s =
|∂tθ|√
δ(t)2 + Ω2
=
1
2
∂tδ(t)
√
Ω2
δ(t)2+Ω2
δ(t)2 + Ω2
 1, (4)
which is used as the foundation of other approaches.
Comparing to the Landau-Zener tunneling formulation, s
is the exponent part of the tunneling formulation except
for
√
Ω2/[δ(t)2 + Ω2]. Here, due to this term is less than
or equal to 1, we omit it to get a more rigorous adiabatic
condition:
s′ =
1
2
∂tδ(t)
δ(t)2 + Ω2
 1. (5)
The above equation can be solved with δ(T/2) = 0:
δ(t) = Ω tan[s′(2t− T )Ω]. (6)
Considering δ(0) = −δ(T ) = −δm(δm  Ω), Eq.(6) can
be rewritten as s′ = arctan(δm/Ω)]/(TΩ). Based on this
condition, we can further rewrite Eq.(6) as:
δ(t) = Ω tan[(
2t
T
− 1) arctan(δm/Ω)]. (7)
FIG. 1. (Color online) Enengy level secheme with the Raman
laser field Ωp,S = Ω0 = 2pi × 5MHz, the microwave field
ΩM = 2pi × 150kHz, the one-photon detuning of the Raman
laser field ∆ = 2pi × 10GHz, and the value ranges of the
effective detuing of the microwave field or the two-photon
detuning of the Raman laser field δ being [−δm, δm], with
δm = 2pi × 10MHz.
In a specific system, δ(t) is generally depend on an
external parameter, e.g. the detuning of the laser in cold
atoms or the energy of the superconducting qubit, and
Ω is equal to the energy gap of the system when δ(t) =
0. So this Hamiltonian is easy to be realized in many
different systems. On the other hand, we expect our
approach has stronger robustness in coherent population
transfer because of our more rigorous adiabatic condition
in Eq.(5).
III. APPLICATIONS
In this section, we show the experimentally transfer
scheme in the two- and the three-level systems. Consider
a three-level system with states {|1〉, |2〉, |3〉}, the interac-
tion Hamiltonian within the rotating wave approximation
can be written as(~ = 1)
HˆΛ =
1
2
2δ(t) Ω∗M Ω∗pΩM 0 Ω∗S
Ωp ΩS 2∆− 2iγ
 , (8)
where Ωp and ΩS are the Rabi frequencies of pump and
Stokes fields, ΩM is the Rabi frequencies of microwave
field and γ is the spontaneous emission of the excited
state |3〉. Here ∆ is the single-photon detuning, δ(t) is the
two-photon detuning in the three-level system or the ef-
fective detuning between ΩM and the two-level system, as
shown in Fig.(1). If we consider the spontaneous emission
γ, our scheme can be demonstrated by the recent exper-
iment of cold atoms[18], where the laser-atom three-level
coupling scheme are presented, and two ground states
are |1〉 = |F = 1,mF = 0〉, |2〉 = |F = 2,mF = 0〉;
the excited state is |3〉 = 52P3/2. If γ is neglected, one
can select the experiment of superconducting transmon
3qubit[34], where {|1〉, |2〉, |3〉} denote the three lowest en-
ergy levels of the transmon qubit and |3〉 is an auxiliary
state and remains unoccupied before and after the oper-
ation.
A. two-level systems
When Ωp,S = 0, the Hamiltonian in Eq.(8) is simplified
to :
Hˆtwo =
1
2
(
2δ(t) Ω∗M
ΩM 0
)
, (9)
with the energy gap without δ(t) being ΩM and the de-
tuning of the Rabi frequency being δ(t). Considering
a population inversion with Eq.(9), suppose the bare
states are |1〉 = (1, 0)T , |2〉 = (0, 1)T . For δ(t) = 0,
the pi pulse Rabi oscillation occurs and the pi pulse op-
eration time τpi ≡ pi/ΩM ≈ 3.33µs. When one drives
δ(t) from δ(0) = −δm to δ(T ) = δm, for example our
approach (SIQUAD) and fast quasiadiabatic approach
(FAQUAD), the eigenstate is drived from |φ−(0)〉 =(
1, 0
)T
to |φ−(T )〉 =
(
0, 1
)T
.
Here, we compare SIQUAD to pi pulse and FAQUAD
in Fig.2. It is easy to find that there are periodicity
for all three approaches. The numerical result shows
that SIQUAD and FAQUAD can emerge their advan-
tages when the operation time T is larger than 3 times
τpi. Unlike pi pulse, which is a flat-pulse, SIQUAD and
FAQUAD maxima are more stable as operation time t
increases. Moreover, fig.2(a) shows that SIQUAD has a
more stability than that of FAQUAD. So further we dis-
cuss the robustness against the control parameter varia-
tions. Fig.2(b) shows that without affecting the fidelity
SIQUAD (T ≈ 5.83τpi) is more robust than pi pulse
(t = τpi) and FAQUAD (t ≈ 6.33τpi), when the variations
of laser intensity is induced, described by Ω′M . Further,
Fig.2(c) demonstrates SIQUAD has more fidelity and ro-
bustness against the detuning error, which is denoted
by δ′. In short, SIQUAD has a more stability and ro-
bustness than the other approaches in two-level systems,
while maintaining the fidelity and the speed. Note that
all the advantage of SIQUAD over FAQUAD is due to
the rigorous adiabatic condition in Eq.(5). The standard
adiabatic condition of FAQUAD is also widely applied in
a great variety of techniques for transferring population
between two discrete quantum states by coupling them
with two radiation fields via an intermediate state, e.g.
SITRAP. So now we turn to compare the performance
of SIQUAD to that of other approaches in three-level
systems.
B. three-level systems
In contrast to resonant pi pulse, STIRAP is notable
because it can immune against loss through sponta-
neous emission from the intermediate state and is robust
FIG. 2. (Color online) (a)The transfer fidelity as the func-
tion of the operation time in pi pulse (magenta dotted line),
FAQUAD (green dash-dotted line) and SIQUAD (blue solids
line). The transfer error  as the function of (b) the Rabi
frequency variations Ω′M and (c) the detuning errors of Rabi
oscillation (magenta dotted line), FAQUAD (green dashed
line) and SIQUAD (blue solids line).
against small variations of experimental conditions[4]. As
compared to the case of one-photon resonance, STIR-
SAP at large one-photon detuning shows the advantages
include the avoiding the spontaneous emission from the
intermediate state and the more robustness against sys-
tematic errors[15]. Therefore we discuss here the robust-
ness against systematic errors about SIQUAD, STIRAP
and STISRAP at large one-photon detuning in three-level
systems. When ΩM = 0, the Hamiltonian of Eq.(8) be-
comes a common three-level Λ Hamiltonian:
HˆΛ =
1
2
2δ(t) 0 Ω∗p(t)0 0 Ω∗S(t)
Ωp(t) ΩS(t) 2∆− 2iγ
 , (10)
with the peak value of Raman laser field Ωp(t),ΩS(t) for
STIRAP and STIRSAP being Ω0, the constant value of
Raman laser field for SIQUAD also being Ω0, the abso-
lute value of the lowest two level energy gap without δ
being Ω =
√
∆2 + Ω20−∆ and the corresponding pi pulse
time being T0 ≡ 2pi∆/Ω2 ≈ 0.62ms. As described above,
the bare states are |1〉 = (1, 0, 0)T , |2〉 = (0, 1, 0)T and
|3〉 = (0, 0, 1)T and the population transfer |1〉 ↔ |2〉 can
be realized through implementing the two photon detun-
ing δ(t) in the condition of ∆ δm  Ω.
Here, we discuss the robustness of SIQUAD, STI-
RAP and STISRAP with respect to the Rabi frequency
variation Ω′ and the two photon detuning error δ′, as
shown in fig.3. Fig.3(a) and 3(b) show the results of SI-
QUAD, STIRAP and STISRAP at a short operation time
4FIG. 3. (Color online) The transfer error  as the functions
of the Rabi frequency variation Ω′ and the effective detuning
eroors δ′ for (a), (b) γ = 2pi × 5.6MHz, T = 2.85ms; (c),
(d) γ = 0, T = 2.85ms; (e), (f) γ = 0, T = 21.12ms of STI-
RAP (red dashed line), STIRSAP (green dash-dotted line)
and SIQUAD (blue solids line), respectively.
(T = 2.85ms ≈ 4.6T0) in the presence of the spontaneous
emission γ from |3〉. One can find that SIQUAD has a
more robustness than those of STIRAP and STISRAP
although all approaches have poor fidelity (< 0.999).
In fig.3(c) and 3(d), the results in absence of γ demon-
strate that the performances of SIQUAD and STISRAP
have been improved dramatically and SIQUAD precedes
STISRAP in fidelity and robustness. Considering our
large one-photon detuning condition ∆ = 2000Ω0, which
is much larger than the condition of the experiment[18],
it means that the spontaneous emission from the inter-
mediate state is hard to suppress perfectly. Further,
fig.3(e) and 3(f) discuss the results at a long operation
time (T = 21.12ms ≈ 34T0) because the longer opera-
tion time traditionally can improve the performance of
STIRAP and STISRAP. Note that the fidelity and the
robustness of STIRAP and STISRAP are obviously im-
proved and still poorer than that of SIQUAD, while its
the fidelity and the robustness are slightly improved. In
short, SIQUAD has a more robustness than those of STI-
RAP and STISRAP at the same speed and fidelity and
can achieve the best performance within a shorter time.
IV. DISCUSSION AND CONCLUSION
Here, we summarize the advantages of SIQUAD: (1)
it is more robust against the systematic errors than the
other approaches without affecting the speed and the fi-
delity due to a more rigorous adiabatic condition; (2)
it can work well in two- and three-level systems. So if
the spontaneous emission from the intermediate state in
three-level system cannot be perfectly immune against,
SIQUAD in two-level case provide a candidate approach
to realize a high fidelity and strong robustness coherence
population transfer. (3) it just need to control one control
parameter and only depend on the information about the
eigenvalues of the system, so it has less systematic error
sources, e.g. separation time between Ωp and ΩS in STI-
RAP and it is easy to generalized to a complex system
where there are many systematic parameters.
In summary, we first have theoretically proposed SI-
QUAD through a rigorous adiabatic condition. Then we
apply it to two- and three-level systems to demonstrate
that without affecting the speed and the fidelity our ap-
proach has more robustness against various systematic
errors than the other approaches, which are based on
the standard adiabatic condition. Further, note that SI-
QUAD only depend on a single control parameter and
the information about the energy gap, so it is easy to
generalize to complex systems, e.g the system where the
exact expressions of adiabatic eigenstates are difficult to
obtain or many parameters are difficult to simultaneously
drive. So our work is both physically transparent and ex-
perimental flexible and can to a wide variety of realistic
situations.
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